Abstract. The Large Copper butterfly, Lycaena dispar batavus, is extinct in Britain and rapidly declining in Europe, due predominantly to loss of its wetland habitats. Northern populations have more specialised foodplant and habitat requirements than their more southerly counterparts and rely solely on Rumex hydrolapathum, the Great Water Dock, as their hostplants. Southern colonies use a greater range of Rumex. Previous work has shown that specialisation is not due to foodplant chemistry and in this paper we investigate the ability of different Rumex species to support the larval stages of L. d. batavus in a natural environment. Comparisons were also made between a captive colony at Woodwalton Fen, Cambridgeshire, UK and native larvae at De Weerribben, Netherlands. Field experiments using a captive colony revealed that other Rumex hosts can successfully support larvae throughout each of their larval stages in wet grassland and fenland habitats with no significant differences in survival rates compared with their natural hostplant R. hydrolapathum. An overwintering experiment using a native wild population of both butterfly and Rumex species in De Weerribben found 25% of larvae survived on the natural hostplant R. hydrolapathum and no survivors on alternative Rumex hosts. It is suggested that R. crispus and R. obtusifolius growing in their natural habitat may harbour significant competitors to L. d. batavus leading to its specialisation on R. hydrolapathum in fenland habitats.
INTRODUCTION
The subspecies of the large copper butterfly Lycaena dispar batavus is confined to the Netherlands and regarded as endangered (Oostermeijer, 1996) . This subspecies, and related univoltine populations, that utilise a single larval foodplant Rumex hydrolapathum, have suffered the more severe decline due to wetland drainage and are currently of more conservation concern than the more geographically widespread bivoltine subspecies L. d. rutilus, which utilises a wider range of foodplants and habitats .
In a previous study, Martin & Pullin (2004) showed that the specialisation in host plant use and restriction in habitat use of L. d. batavus was not due to differences in nutritional acceptability of the plants. Female L. d . batavus lay eggs on a range of Rumex species in caged conditions but in the field, females lay eggs solely on R. hydrolapathum. Since this does not appear to be a nutritional specialisation, an alternative explanation is that each plant species may differ in its ability to provide suitable protection for larvae against the hostilities of their environment at one or more of their life stages. For example, L. d. batavus larvae are known to use the curled edges of dry senescent R. hydrolapathum leaves for their winter hibernacula and other Rumex species may (or may not) offer a similar overwintering location. Therefore, the ability of these alternative host plants to successfully support all three life stages to allow progression into the subsequent stages of development is crucial.
Survival of native larvae on R. hydrolapathum in the Weerribben has been found to differ between habitats, depending on the type of management experienced. Overall survival was higher on plants which had been cut in the previous year, and were regrowing, and were situated along watersides. Intermediate survival was found on fen edges and uncut watersides and the highest mortality occurred in fen meadows (Pullin, 1997) . It could therefore be that differential survival among potential hostplant species is even greater, leading to specialisation.
The success of an insect on its host-plant within a particular habitat depends on its ability to overcome the hostilities of its environment. For example, food-plant quality (Slansky, 1993) , secondary plant defences (Rhoades & Cates, 1976) and natural enemies (Atsatt, 1981) and shelter from adverse conditions. Most of these factors will act simultaneously to influence host plant choice. Martin & Pullin (2004) have shown that there is little support for the former two in L. d. batavus; we assess the latter two here.
It has been suggested that the influence of natural enemies may play a larger part in host plant choice (Atsatt, 1981; Bernays & Graham, 1988) to the extent that, in some cases, selection for enemy free space may be more important than food plant quality (Damman, 1987; Denno et al., 1990) . Parasitoids and other aerial predatory invertebrates may use other search cues such as plant volatiles from damaged plant material (Thaler, 1999) .
The composition of a habitat may also be important and may influence predator numbers and/or predator diversity. For example, Smith & Whittaker (1980a, b) found that habitat type influenced the success of the coleopteran Gastrophysa viridula, depending on whether they were present in a hayfield, monoculture, diverse or mature habitat and that the density of ground vegetation influenced the diversity and number of predatory fauna present.
Work carried out by Duffey (1968) and Webb & Pullin (1996) on a captive colony of L. d. batavus held at Woodwalton Fen, using cages to exclude natural enemies, have found that larval mortality in all three life stages is high and that several factors may be responsible. Invertebrate predation, from spiders and other predatory insects, is largely responsible for mortality in the pre-diapause stage, whilst vertebrate predation, from birds and possibly small mammals (Duffey, 1968) Two experiments were conducted; one using a captive population at Woodwalton Fen National Nature Reserve, Cambridgeshire, UK and a second using a wild population at the Weerribben National Park, Overijssel, the Netherlands.
Woodwalton Fen National Nature Reserve
Experiments were run from September 1995 to May 1999. The butterflies used were from the captive population held on the reserve. Direct translocation from a wild Dutch population was not permitted at the time. Two sites were selected to reflect the natural growing habitats of the different Rumex species. Compartment 39 is a reed fen habitat, traditionally known as "The Copper Field" and is the natural habitat for R. hydrolapathum but where R. obtusifolius and R. crispus are not found. For the purposes of this study this is referred to as the fenland habitat. Compartments 84 & 85 in the south of the reserve were drier habitats where R. crispus and R. obtusifolius can occur naturally, and are referred to as the "grassland habitat". At this site the experimental plots were fenced off from grazing.
Although R. hydrolapathum is found growing naturally in the Fen along watersides, R. obtusifolius and R. crispus are not common inside the reserve and so, to ensure all plants had similar growing histories, potted plants grown under greenhouse conditions were used for all three species. At the study sites plants were dug into the ground in 3 × 3 Latin Squares (three of each plant per square) and three replicates of the Latin Squares for each site. The plants were situated 1m apart to prevent larvae moving from one plant to another. As far as possible the surrounding vegetation was left undisturbed to ensure as near natural conditions. Between four and five larvae were assigned to each plant in each experiment, dependent on how many larvae were available for use. The larvae were reared in the laboratory under the appropriate natural seasonal temperature and light regimes before being transferred to the field. Fresh larvae were used for each separate experiment as survivors from previous experiments may have been parasitised or stressed in some way compared with greenhouse reared replacements.
Pre-diapause larvae: newly hatched first instar larvae were placed on experimental plants in late August to mid-September, the natural pre-diapause period for this butterfly, in each of the three years 1995-7. The larvae were placed on the surface of the leaves using a fine brush and allowed to move to their natural feeding positions. They were then left for four weeks and any survivors collected just before entering winter diapause. The plants were also collected and taken back to the laboratory for further examination for larvae missed in the initial collection.
Diapausing larvae: newly moulted second instar larvae and plants were put out into the field, in the same manner as described above, at the end of September, the beginning of natural larval diapause, in 1995-8 and left until the following spring. In late April surviving larvae that had successfully emerged from over-wintering and begun to feed were collected and counted. Plants were again examined in the laboratory for later emerging larvae. One year's data was omitted (1997/98) due to flooding of Woodwalton Fen before diapausing larvae had been recovered. A subsequent search found no surviving larvae.
Post-diapause larvae: a new batch of second/early third instar larvae and fresh plants were put out in late April, the beginning of the natural post-diapause period, in 1996-8 and left for four weeks. Survivors were then collected and counted. The surviving larvae from each experiment were reared separately to the adult stage in order to establish if any mortality occurred due to parasitism and if so, what species of parasitoids were likely to affect L. d. batavus larvae, and whether the rates of parasitism differed between the grassland and fenland habitats. Parasitism rates were analysed using the G-test (Fowler & Cohen, 1990 ).
The Weerribben National Park
A comparative overwintering study of a wild population was undertaken in the Weerribben National Park in the north west province of Overijssel, the Netherlands in September 1997 and ran until mid-May 1998. An experimental site was located where all three Rumex species grow in close proximity. A narrow grass strip was chosen, approximately 7m wide, with naturally occurring R. crispus and R. obtusifolius, situated adjacent to a water-body supporting R. hydrolapathum plants. This strip is mown twice a year (E. Jans, pers. com.) and Rumex grow along the edges. Five plants of each species were chosen and the plants left in situ. First instar larvae from the native population were translocated to the experimental plants in August. Four larvae per plant were used. One plant of each species was checked the following day for successful establishment of larvae on the plants. In each case three out of four larvae were visible and feeding windows observed. Plants were re-examined in mid September, no larvae were found actively feeding on any of the experimental plants. However, as no larvae were seen in other places in the park, it was assumed that any survivors had entered diapause along with the rest of the population. The larvae were then left until May 1998 when survivors were counted and left undisturbed to complete their development. The resulting data from these experiments were analysed using the G-test.
RESULTS

Woodwalton Fen National Nature Reserve
Of the 756 larvae put out into the field for the prediapause treatment, 125 were recovered (17%). For the diapause treatment 702 larvae were put into the field and 56 were recovered (8%) and for the post-diapause treatment, 50 larvae from 486 put into the field were recovered (10%) ( Table 1 ). Due to the mobility and general ecology of L. d. batavus larvae those not recovered can be assumed to be fatalities.
Pre-diapause larvae: larval survival between plants, inclusive of both habitats over three years, was significantly higher on R. crispus than on either of the other Rumex species (Table 2 and see Table 3 showed no significant differences between the plant species. Survival over the same period in the fenland habitat was significantly higher for larvae on R. crispus than on R. obtusifolius and R. hydrolapathum. Comparison of survival between fenland and grassland habitats (15% & 19% respectively) showed no significant difference.
Diapausing larvae: comparison between the three
Rumex species, over three years in both habitats, showed no significant difference in larval survival (Tables 2 & 3) , and no significant difference in survival among Rumex plants in the grassland habitat or in the fenland habitat. Comparisons of survival between the fenland and grassland habitats again showed no significant differences. Although no direct statistical comparisons were done on data between years, the survival rate for over-wintering larvae in fenland during 96/97 reached 25% which is comparable to the survival rate on R. hydrolapathum in the Weerribben during the winter of 97/98 (Table 1) .
Post-diapause larvae: comparison of survival of postdiapause larvae among the Rumex species, over all years in both habitats, showed no significant differences (Tables 2 & 3) . There was no significant difference in larval survival between species in the grassland, or in the fenland habitat. Comparisons between the fenland and grassland sites were also not significant.
A total of 121 larvae were recovered out of 992 larvae that were put out in the grassland habitat over the four years. Of these, 8% were subsequently found to be parasitised. In the fenland habitat 110 larvae were recovered out of 992 and, of these, 5% were found to be parasitised. A G-test showed that there was no significant difference in rates of parasitism between the grassland and fenland sites (G = 0.7, d.f. = 2, P > 0.05). Differences among plant species were not assessed in this study.
The Weerribben National Park
On examination in early May 1998, 25% larval survival was recorded on R. hydrolapathum plants but no larvae were found on either R. obtusifolius or R. crispus. It is not known whether the mortality occurred in the pre-diapause or diapause stage or accumulated gradually over time. The 25% survival rate on R. hydrolapathum is substantially higher than the combined survival rates for larvae overwintering on Woodwalton Fen which averaged only 8%. However, Table 1 shows that for 1996/97 survival on R. hydrolapathum, in the fenland habitat, did reach as high as 25%.
DISCUSSION
Comparisons of mean overall survival rates in this study (pre-diapause 17%, diapause 8% and post-diapause 10%) with previous work by Webb & Pullin (1996) (prediapause 11%, diapause 17% and post-diapause 56%) shows broadly similar survival rates for the pre-diapause and diapause stages, but reveals a substantial difference between post-diapause survival rates. These differences could be the result of differing abilities of alternative Rumex to support post-diapause larvae although we could find no evidence for this. The reason is more likely to be attributable to annual variation in levels of predation/parasitism and/or severe flooding which is a characteristic of Woodwalton Fen.
Over the three years, pre-diapause larvae on R. crispus had a higher mean survival rate than on either of the other two Rumex species (although it was only significantly higher in the fenland habitat). This may be a reflection of the quality of the former species as a food-plant. Survival Woodwalton Fen 1995 during the first year was very much higher on R. crispus in both areas and may have been due to high autumn temperatures and a lower than average rainfall at Woodwalton Fen (A. Bowley, pers. com.) . Of the three Rumex species, R. crispus is more tolerant of drier conditions (Grime et al., 1988) which may have rendered it a better quality food-plant able to support small larvae in drought conditions. There is evidence that higher quality foodplants enable larvae to grow faster and spend less time feeding, thus allowing them to spend more time hidden and so escape predation (Slansky, 1993) .
As early instar larvae were able to survive on R. crispus and R. obtusifolius in the field, and in the laboratory (Martin & Pullin, 2004) , it is unlikely that varying levels of secondary plant compounds between the plant species are an important factor in host plant selection among Rumex species.
High mortality rates in diapausing larvae are not uncommon in L. d. batavus (Duffey, 1968; Webb & Pullin, 1996) . Survival of larvae was not significantly different between the three Rumex species in this study, either overall or within habitat type. Predation is not thought to be the main factor in mortality of overwintering larvae and prolonged submergence of larvae during flooding episodes may be a contributing factor. Webb & Pullin (1998) found that diapausing larvae could survive for up to 30 days submerged with no apparent effect on survival rates, but longer periods reduced survival significantly. Further experiments by Nicholls & Pullin (2003) revealed that late diapausing larvae responded differently to the effects of flooding than early diapausing larvae, generally experiencing higher mortality rates than those in the early stage.
Some larval mortality at the post-diapause stage can be attributed to natural enemies. It is thought that post diapause larvae suffer from vertebrate rather than invertebrate predation from birds and small mammals (Duffey, 1968; Webb & Pullin, 1996) . Birds have been observed in the past feeding on L. dispar pupae (Purefoy, 1931) and Dempster et al. (1976) observed that Reed Buntings (Emberiza schoeniclus L.) are the main predator of later instars of P.m. britannicus in its fenland environment.
Post-diapause larvae are also very susceptible to flooding, a problem experienced over many years at Woodwalton Fen and responsible for the abrupt end of several re-establishment programmes (Webb & Pullin, 1997) . However, depending on the extent of the flood, some, if not all larvae can survive. For example, in 1997, 4 th instar larvae experienced spring flooding of compartment 39, during an experiment, but most were able to move to the upper parts of the plants to escape the water.
The fact that a proportion of larvae were able to survive each stage of their life cycle on alternative Rumex species in the field at Woodwalton Fen indicates that R. obtusifolius and R. crispus are possible suitable alternative foodplants. The reason they are not used may therefore lie in some feature of habitat structure in which these species grow. This was not apparent from the Woodwalton experiments but captive bred individuals were used in this comparison and may not have fully reflected the dynamics of the wild population.
It was possible to complete only one overwintering experiment on the wild population in the Weerribben due to low population density of larvae in subsequent years. Survival of overwintering larvae on R. hydrolapathum compared with total mortality on R. obtusifolius or R. crispus contrasts with the Woodwalton results. As the larvae had begun to feed on these two species after the experiment started, it would seem to confirm that they are acceptable as food-plants in terms of palatability, even for the wild population and that some other feature of the habitat, may be responsible for the observed total mortality. One fundamental difference at the end of the experiment in May was that R. hydrolapathum had almost no surrounding vegetation with plants plainly visible and few other insects, herbivorous or predatory, on them. In contrast R. obtusifolius and R. crispus in the grassland habitat were almost obscured by dense vegetation and were harbouring potential predators e.g. spiders, and other competitive herbivores including snails, moth larvae and beetles, especially Gastrophysa viridula a common herbivore of Rumex species.
Competition may therefore be influencing host-plant and habitat selection by L. dispar batavus. The chrysomelid beetle G. viridula is found on R. obtusifolius and R. crispus in their natural habitat and, although both larvae and adults feed on plant material, the larvae are particularly voracious and can easily defoliate a plant (Smith & Whittaker, 1980b) causing direct competition for resources with other herbivores and/or rendering plants unsuitable for oviposition or subsequent larval survival. G. viridula is not found on R. hydrolapathum although a relative Galerucella nymphaeae does utilise this plant and could influence ovipositional choice. Differences in predation, parasitism or competition, such as that caused by the presence or absence of G. viridula, may have influenced or shifted the balance of female ovipositional preference to a particular resource and/or habitat and constitutes an interesting avenue for further investigation.
